Carbonyls from gasoline powered light-duty vehicles (LDVs) and heavy-duty diesel powered vehicles (HDDVs) operated on chassis dynamometers were measured using an annular denuder-quartz filter-polyurethane foam sampler with O- (2,3,4,5,6pentafluorobenzyl)hydroxylamine derivatization and chromatography-mass spectrometry analyses. Two internal standards were utilized based on carbonyl recovery, 4fluorobenzaldehyde for <C8 carbonyls and 6-fluoro-4-chromanone for ≥C8 compounds. Gas-and particle-phase emissions for 39 aliphatic and 20 aromatic carbonyls ranged from 0.1 -2000 µg/L fuel for LDVs and 1.8 -27000 µg/L fuel for HDDVs. Gas-phase species accounted for 81-95% of the total carbonyls from LDVs and 86-88% from HDDVs. Particulate carbonyls emitted from a HDDV under realistic driving conditions were similar to concentrations measured in a diesel particulate matter (PM) standard reference material. Carbonyls accounted for 19% of particulate organic carbon (POC) emissions from low-emission LDVs and 37% of POC emissions from three-way catalyst equipped LDVs. This identifies carbonyls as one of the largest classes of compounds in LDV PM emissions. The carbonyl fraction of HDDV POC was lower, 3.3-3.9% depending upon operational conditions. Partitioning analysis indicates the carbonyls had not achieved equilibrium between the gas-and particle-phase under the dilution factors of 126-584 used in the current study.
INTRODUCTION
Atmospheric aerosols have numerous environmental impacts (1) including human health effects (2) . Aerosol toxicity mechanisms remain under investigation, but previous research finds an association between toxicity and particle size and composition (3) (4) (5) (6) . Chemical speciation of aerosols emitted by dominant sources, such as motor vehicles (7) (8) (9) , is necessary to identify those compounds and sources that may be linked to human health effects.
The majority of airborne particulate matter (PM) released from motor vehicles is composed of compounds whose structures are largely unknown despite extensive efforts (10) (11) (12) (13) . Carbonyls are one example of an abundant class of compounds in motor vehicle emissions that are incompletely characterized. In studies that examined carbonyls, chemical analyses typically involved derivatization with either 2,4dinitrophenylhydrazine (DNPH) or O- (2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA). The carbonyl hydrazones or oximes undergo chemical analysis with a combination of either gas or liquid chromatography followed by mass spectrometry or absorption spectroscopy, see for example (14) (15) (16) (17) . Carbonyls have been measured in vehicle emissions using DNPH impregnated cartridges (10, 12, 13, 18, 19) , however the method cannot distinguish between gas-and particle-phase emissions. Previous laboratory studies examining photo-oxidation reaction products utilized annular denuders in conjunction with filter substrates to examine both gas-and particle-phase carbonyl species (20) (21) (22) , but the approach has not been applied to motor vehicle emissions. Carbonyls are known to directly influence physiological response to diesel exhaust particles (23) and can form oligomers that contribute to secondary organic aerosol formation (24) . Thus, more thorough characterization of carbonyl emissions provides valuable information about the environmental impact of motor vehicles.
In the current study we describe measurements of gas-and particle-phase carbonyls emissions from light-duty gasoline (LDV) and heavy-duty diesel (HDDV) motor vehicles operated on a chassis dynamometer under realistic driving cycles. Diluted emissions were collected using an annular denuder-quartz filter-polyurethane foam (PUF) sampling system. Chemical analyses used PFBHA derivatization in conjunction with gas chromatography -ion trap mass spectrometry (GC-ITMS) and high performance liquid chromatography -ion trap mass spectrometry (HPLC-ITMS). This sampling approach does not measure the most volatile and abundant gas-phase carbonyls species (formaldehyde and acetaldehyde) due to their high vapor pressure and poor retention by the annular denuders. Instead, this study focuses on less-volatile carbonyls that are important for health effects due to their ability to penetrate deep into the human respiratory system via airborne particles. Emission factors of 59 carbonyls from gasoline and diesel engines are reported, the results are compared to a diesel PM standard reference material (SRM) and the observed phase distributions are examined.
EXPERIMENTAL SECTION Materials
The majority of carbonyl standards, XAD-4 polystyrene resin and PFBHA were obtained from Sigma-Aldrich (Milwaukee, WI). Benzaldehyde was purchased from Acros Organics (Beel, Belgium), d6-benzaldehyde (d6-BZA) from Cambridge Isotope Laboratories (Andover, MA) and authentic standards for several compounds were donated by Midwest Research Institute (Kansas City, MO). Methanol (MeOH, purge and trap grade) and diethyl ether (Et2O, anhydrous ACS grade) were obtained from Fisher Scientific (Fairlawn, NJ). Burdick and Jackson acetonitrile (ACN, carbonyl-free), hexane (trace analysis grade) and dichloromethane (DCM, trace analysis grade) were obtained from VWR International (West Chester, PA).
Chemical Analysis
Sample Extraction/Derivatization: Filter samples, and a 2 mg quantity of National Institute of Standards and Technology (NIST) diesel PM SRM 1650, were extracted in triplicate with ultrasonic agitation using 1:1 hexane:DCM (v/v) followed with MeOH. Similarly, denuders and PUF substrates were extracted in triplicate with hexane:DCM followed by MeOH. Extracts were reduced in volume to <50 µL, to which a 9:1 (v/v) mixture of ACN:DCM was added to increase the volume to 200 µL. A 200 mM solution of PFBHA in MeOH was added for derivatization to target PFBHA concentrations of 5 mM for GC analysis and 10 mM for HPLC analysis. Samples and two sets of multi-point calibration standards were derivatized at room temperature for 24 hours. One set of calibration standards was analyzed immediately preceding, and the other immediately following, the extracts. See Jakober et al. for further details (16, 25) .
The necessity for different PFBHA concentrations arose during analytical method development where both the mono-and dioxime of dicarbonyls were observed, see an example in Figure S1 . Four different concentrations of PFBHA were evaluated with 25 model carbonyls, described in detail within Supporting Information. Monocarbonyls were found to exhibit a substantial increase in response from 5 mM vs. 2 mM PFBHA, which then typically decreased for both 10 and 20 mM concentrations, GC responses for each compound are shown in Figure S2 . Dicarbonyls were observed to have the greatest response and more complete derivatization at the 10 mM PFBHA concentration, shown in Figure S3 for both GC and LC analyses. Since GC analysis focuses on smaller monocarbonyls and HPLC provides analysis of larger dicarbonyls the concentrations of 5 and 10 mM were utilized respectively.
Chromatography-Mass Spectrometry: Analytes were separated using a J&W DB-XLBMSD capillary column in a Varian 3400 GC followed by analysis using a Varian 2000 ITMS operated with both electron ionization (3 µL injection volume) and methane chemical ionization (5 µL injection). An Agilent 1100 HPLC-ITMS using atmospheric pressure chemical ionization (APCI) with a Phenomenex Prodigy C18 chromatographic column was used to separate 10 µL injection volumes using a 40 to 95% water:MeOH gradient. Carbonyls were quantified using their most abundant PFBHA oxime isomer peak. Additional details of GC-ITMS and HPLC-ITMS analysis are described elsewhere (16, 25) .
Internal Standard Optimization: Initial experiments showed the recovery efficiency of model carbonyls spiked on quartz filters (see Figure S4 ) varied substantially depending on compound vapor pressure and choice of internal quantification standard (IS), 2,2'difluorobiphenyl (DFB) or 4-fluorobenzaldehyde (4-FBZA) and 2-fluoro-9-fluorenone (2-FFLN), which form PFB oximes. DFB provided poor recoveries over the range of compound vapor pressures examined. The higher volatility carbonyls were better represented using 4-BZA, however this IS produced excessive recoveries for lower volatility compounds. Utilizing 2-FFLN produced more acceptable recoveries for the less volatile carbonyls. Given this initial finding an additional experiment was conducted evaluating IS selection on carbonyl recovery. Annular denuder substrates (n=4) were spiked with sixteen model carbonyls, ranging from C4-C14, to yield targeted chemical analysis concentrations of 1 ng µL-1. The spiking solvent was allowed to evaporate prior to solvent extraction and reduction.
Recovery efficiency using four different internal standards for quantification are presented in Figure 1 . Similar recoveries were observed for compounds <C8 using 4-FBZA and d6-BZA, typically 60-100%. 4-Fluorobenzaldehyde was selected for the quantification internal standard for carbonyls <C8 due to the slightly enhanced response observed and its chromatographic separation from benzaldehyde. Substantial differences were observed for carbonyls >C8 when using 6-fluoro-4-chromanone (6-FCR) and 2-FFLN for quantification. Even though 6-FCR yielded greater variability, as observed by the larger standard deviations, it produced higher recoveries (typically between 70-115%) relative to 2-FFLN (typically between 45-94%) leading to its selection for quantification of carbonyls ≥C8.
Sample Collection
The emission collection methodology was similar to that used by Schauer et al. (12, 13) , and is detailed elsewhere (16, 25, 26) . Briefly, the sampling train consisted of a PM2.5 (particulate matter, Dp<2.5 µm) cyclone preceding eight-channel annular denuders in series (URG, Chapel Hill, NC) followed by 47 mm quartz fiber filters (Pall Gelman, Ann Arbor, MI) and two PUF (URG) substrates in series. The annular denuders were coated with XAD-4 polystyrene resin (27) . To minimize organic contaminants quartz filters were baked at 550 °C for +12 hours and PUF media were Soxhlet extracted with 9:1 (v/v) hexane:Et2O and dried with organic-free nitrogen.
Light-duty gasoline vehicles (LDVs): LDV emissions were collected at the Haagen-Smit Laboratory (HSL) in El Monte, CA during August-September 2002 (28) . Vehicles were operated on a chassis dynamometer using the Federal Test Procedure (FTP) driving cycle. HSL staff measured the CO2 emissions using Horiba AIA 210 and AIA 220 infrared analyzers (Ann Arbor, MI). Multiple vehicles within a technology class were composited on each set of sampling media to obtain sufficient mass for the analyses (28) . The LDV technology classes reported in this research include low emission vehicles (LEV) and three-way catalyst equipped vehicles (TWC).
Heavy-duty diesel vehicles (HDDVs): Emission samples were collected from HDDVs in Riverside, CA during June 2003 (29) . HDDVs were driven on a transportable chassis dynamometer operated by West Virginia University (WVU). WVU staff measured the CO2 emissions using a Rosemount Analytical Model 880A non-dispersive infrared analyzer (Berenyi, Hungary). Vehicle inertial load of 56,000 lbs. was simulated using flywheels and electrical motor resistance. Vehicles were tested under a 5-mode driving cycle (HHDDT, Heavy Heavy-Duty Diesel Truck) consisting of a 30 minute idle, 17 minute creep, 11 minute transient stage and two cruise stages of 34 and 31 minutes, with a top speed of 65 miles hour-1 for the second cruise (30) . The HDDV emissions reported here were obtained from a 1999 Freightliner tractor with a 500 horsepower engine, and 138,553 miles travelled. In addition to the full test cycle, this vehicle was also sampled while operating under six replications of only the idle and creep modes of the test cycle, hereafter referred to as Idle-creep.
RESULTS

Emission Factors and Speciation
Due to the polar and volatile nature of the targeted carbonyls, extraction efficiency was examined for an extensive set of surrogates (see Table S1 ). Surrogate recoveries fall between 60-120% for all compounds on all sampling media, except for underivatized 4fluorobenzophenone. Reported emission factors were corrected for observed extraction efficiencies as described previously (25) .
A total of 59 carbonyls, 39 aliphatic and 20 aromatic, were quantified. Aliphatic aldehydes including butanal and hexanal were the most abundant carbonyl class. Dicarbonyls including methyl glyoxal and 2,3-hexanedione were the next most abundant carbonyl class. Ten of the aromatic carbonyls were found solely in the gas-phase.
Particle-and gas-phase emission factors for the observed carbonyls are presented in Table 1 , including representative chemical structures, after normalizing by fuel consumption and accounting for the effects of dilution and background subtraction (25, 28, 29) . Fuel consumption was calculated using CO2 emissions assuming 2.28 and 2.77 (kg CO2 emitted/L fuel) for oxygenated gasoline and diesel fuel, respectively (34) .
HDDV carbonyl emissions were much greater than LDV emissions on a fuel consumption basis. Within the HDDV class the Idle-creep emissions were much larger than HHDDT emissions, consistent with results from Sawant et al. (32) , suggesting that HDDV operation under higher load leads to more complete combustion/oxidation, hence less carbonyl formation. This is supported by the increased dicarbonyl abundance in the HHDDT particle emissions versus the higher aliphatic aldehyde content of the Idle-creep particle emissions (see Figure 2 ). Figure 2 shows that gas-phase species accounted for ~95% of the LEV and ~81%, of the TWC measured carbonyl emissions, which excluded formaldehyde and acetaldehyde. The 1999 Freightliner emissions were similar, containing 88% and 86% gas-phase carbonyls for the Idle-creep and HHDDT conditions respectively. Gas-phase carbonyl emissions are dominated by aliphatic aldehydes, dicarbonyls, and aromatic aldehydes. The particle-phase emissions show a relative reduction in aliphatic aldehydes and an increase in dicarbonyl content. The HDDV emissions show dramatic reductions in abundance of aromatic aldehydes and increases in the relative abundance of unsaturated aliphatic carbonyls for the particle-phase emissions.
Phase Distribution
While gas-phase carbonyls account for the majority of total carbonyl emissions, the condensed species still account for a significant fraction of particulate organic carbon (POC) mass at the sampled dilution conditions. Figure 3 shows the measured carbonyls account for 19% of total POC emissions from LEVs and 37% of POC emissions from TWCs in the current study, making carbonyls one of the largest classes of compound identified in LDV PM to date. Carbonyls accounted for 3.3-3.9% of the HDDV POC depending upon operation conditions. Note that these values neglect any possible contribution of formaldehyde and acetaldehyde to POC emissions. The greater semivolatile carbonyl content of particulates from LDVs versus those from HDDVs is consistent with previous observations that found particles of greater volatility near freeways with only LDV traffic (35) versus particles near freeways with significant HDDV traffic (36) .
DISCUSSION Quality Assurance and Comparison to Previous Measurements
Measurement of polycyclic aromatic hydrocarbon concentrations in these particulate emission samples and NIST SRM 1650 extracts following the extraction techniques described above agree well with values obtained by several other laboratories (26) . Figure 4 shows that most carbonyl mass concentrations measured in the NIST SRM 1650 are in excellent agreement with the emissions from the 1999 Freightliner (56,000 pound load, HHDDT driving cycle), with most carbonyls agreeing within a factor of two or better, data in Table S2 . The similarity between carbonyl concentrations in the fresh emissions vs. the NIST SRM suggests that carbonyl compounds were stable during sample collection. Additional confidence is provided by the precision of carbonyl mass collected by parallel denuders during the HDDV sampling (shown in Figure S5 ). Measured carbonyl emissions are within a factor of 0.27 to 1.38 (average = 0.68) for the 1999 HHDDT and 0.19 to 5.7 (average = 1.3) for the 1999 Idle-creep parallel denuder sampling trains.
Total carbonyl emission rates measured in the present study are typically lower than previously measured values (12, 13, 18, 19, (31) (32) (33) when results are presented per distance traveled (see Figure S6 ). Better agreement was found when results are presented per unit of emitted particulate matter (see Figure S7 ). These trends reflect the newer vehicles, fuel compositions and engine technologies examined in the current study, which produce lower emissions.
Temime et al. reported low collection efficiencies for select carbonyls using annular denuders (22) which could bias the phase distribution measurements. These artifacts are unlikely in the current study due to significant differences in the collection methodology: (a) two eight-channel denuders (285 mm length) in series were used here vs. single five-channel denuder (242 mm length), (b) lower flow rate here (16.7 vs. 20 L/min), and (c) lower concentrations sampled in the current study (low pptr vs. 30-230 ppb). Analytical procedures in the current study included the use of surface-deactivated glassware, organic solvents (not water), and higher concentrations of PFBHA vs. the impinger analysis, which minimize sorption losses and enhance derivatization efficiency.
Gas-Particle Partitioning
Carbonyl gas-particle partitioning behavior was examined using a PAH partitioning framework developed for ambient aerosols (37). Since the observed partitioning may be associated with collection conditions a summary of the sample collection temperature, relative humidity and dilution ratio for each sample are provided in Table S3 . Collection conditions for the LDV emissions averaged 27 °C, 74% relative humidity and a dilution factor of 126. The HDDV collection conditions ranged from 33-40 °C, 39-49% relative humidity and dilution factor of 167 and 584 for the HHDDT and Idle-creep tests respectively. The partitioning coefficient (Kp,om) is defined as:
Kp,om = Cp/(TSP x fom x Cg) (1) where Cp is the particle-phase concentration, Cg the gas-phase concentration TSP the total particulate concentration and fom is the fraction of organic material in the particle phase (38-40). Calculated partitioning coefficients within each vehicle category are similar in magnitude for almost all species within each compound class, but do not follow the expected equilibrium behavior as a function of compound vapor pressure, as displayed in Figure  S8 . This trend likely indicates that the carbonyls had not attained complete equilibrium under the test conditions.
The ratio of mass observed on the PUF substrates to the total particulate carbonyls was calculated to further characterize the semi-volatile nature of the compounds, and presented in Figure S9 . In general, as the volatility of the carbonyl decreased so did the PUF/total particulate carbonyl ratio. A few exceptions were observed for some higher volatility carbonyls, which may be biased by denuder breakthrough creating an artificially high filter carbonyl measurement. The decrease in the PUF/total particulate carbonyl ratio with decreasing volatility likely reflects the tendency for the more volatile carbonyls to evaporate from particles collected on the filter. This agrees with previous results from Lipsky and Robinson (41) showing loss of semi-volatile species from diesel emission particles with increasing dilution.
The results of the current study represent a snapshot in time for the behavior of semivolatile carbonyls as they undergo dilution after emission. Carbonyls account for a significant fraction of the emitted PM and the semi-volatile behavior observed in this study explains several field observations that have been made without the benefit of detailed chemical characterization. Table 1 BRIEF Carbonyl compounds present in motor vehicle exhaust, ranging from C2 to C13, comprise a substantial fraction of light-duty gasoline vehicle particulate matter emissions.
